A new ammonia optical sensor was designed using bis(acetylacetoneethylendiamine)tributylphosphin cobalt(III) tetraphenylborate complex, coated on transparent triacetylcellulose film as membrane. The change in the absorbance of the optode at the maximum wavelength of 408 nm was related to ammonia concentration in aqueous samples. A buffer solution with a pH of 9 (sodium borate-HCl) was used. The optode was fully regenerated in pH 2. The linear dynamic range for determination of ammonia was 3.3 × 10 -4 to 6.9 × 10 -3 mol l -1 with a detection limit of 5.0 × 10 -5 mol l -1 and a response time range of 4 -6 min. This membrane was successfully applied for determination of ammonia in drinking water.
Introduction
Ammonia in water is known to be toxic to some kinds of fish, even at concentrations as low as 25 µg l -1 . This makes the online monitoring of ammonia important for the purpose of continuously sensing ammonia in drinking water, aquariums, and bio-reactors. [1] [2] [3] Colorimetric methods for ammonia determination were compared by Barnes and Sugden. 4 A detection limit as low as 3 µg l -1 has been reported. These methods can be automated by performing a continuous-flow determination. [5] [6] [7] Several optical methods for the analysis of ammonia have been documented. 8 A recommended method involves the reaction of ammonia with hypochlorite and salicylate, which in the presence of sodium nitroprusside gives a blue coloration. A similar method was recommended for seawater, with phenol and potassium ferrocyanide being used in place of salicylate and nitroprusside. 9 Both methods offer high sensitivity and good precision.
Optical-sensing methods that have been used for ammonia determination are based on either the intrinsic IR-absorption of gaseous ammonia, 10 or the selective reaction of a reagent with ammonia to give a detectable colorful product. [11] [12] [13] Most of these methods work irreversibly and so calibrating of the respective sensor probes is difficult. Reversible sensing has been achieved by incorporating a pH-sensitive chromophore into an internal buffer placed behind, or inside, a gas permeable polymer membrane. [14] [15] [16] Changes in pH are reversible as a result of the diffusion of ammonia into and out of the buffer. These schemes can be applied to the measurement of ammonia in aqueous solutions when the sample is iso-osmolar to the internal buffer of the sensor. If the ionic strengths inside and outside the sensor differ, the sensor drifts. This is the main limiting factor for determination of real water samples of various ionic strengths.
Such sensors respond to gases with basic properties that are capable of penetrating into the polymer. Specific carriers for ammonium (such as nonactin) were incorporated into the sensors along with an indicator dye in order to obtain more selective membranes. 17, 18 The resulting sensors enable highly selective determination of ammonia in gaseous and liquid samples. However, the matrices of such membranes are complex and the required materials are expensive; leaching of carrier and plasticizer has dramatic effects on both the response and stability of the sensor as well. Therefore, alternative methods should be sought.
A multitude of optodes for liquid and gaseous samples have been reported in the literature. For most of these sensors, essentially a monolayer of reagent has been immobilized by covalent bonding, 19, 21 by entrapment [22] [23] [24] [25] or by simple adsorption [26] [27] [28] [29] [30] [31] [32] [33] on polymeric membranes. The optical changes are relatively weak so that sensitive detection techniques have to be employed. Fluorescent measurements are very often used. 19, 20, [22] [23] [24] 26, [30] [31] [32] [33] [34] [35] In these methods, the light is commonly brought to the membrane by an optical fiber and returned to a spectrometer for detecting. If optical absorption is employed, multipath techniques such as attenuated total reflection (ATR) implemented on specially designed waveguides or optical fibers are usually needed. 25, 36, 37 Immobilization can also be done on small beads to obtain a large surface area to be probed by one beam. 27, 29 Simple one-path absorbance measurements are reported to be sufficiently sensitive in exceptional cases. 21, 38, 39 In this research, a new optode is reported for monitoring ammonia based on bis(acetylacetoneethylendiamine) tributylphosphin cobalt(III) tetraphenylborate complex.
Experimental

Reagents
Aqueous solutions were prepared using distilled water. Ammonium chloride, cobalt acetate [Co(OAc)2·4H2O], tributylphosphin, ethylenediamine, and sodium tetraphenyl borate (STPB), were from Aldrich. Tetrahydrofuran (THF) and sodium borate were from Fluka and Merck, respectively. The stock solutions (0.1 F) of ammonia were prepared by dissolving ammonium chloride in water; hydrochloric acid was used for adjusting the pH to 2.0.
Synthesis of ionophore
The ligand bis(acetylacetoneethylendiamine), BAE, was synthesized according to a procedure reported in the literature. 40 Bis(acetylacetoneethylendiamine)tributylphosphin cobalt(III) tetraphenylborate, [Co(BAE)(PBu3)] + Ph4B -·H2O, was prepared by the method described by Tauzher et al. 40 To a refluxing solution of BAE (2.01 mmol, 0.45 g in 70 ml), Co(OAc)2·4H2O (2.01 mmol, 0.5 g) and tributylphosphine (2.01 mmol, 0.5 ml) were added. The produced Co(II) complex was oxidized by blowing air for 2 h into the solution. The solution was filtered afterward. To the filtrate, an appropriate amount of STPB (0.5 g in 10 ml water) was added. The green crystals were formed after 24 h. The crystals were washed with methanol, recrystallized in acetone/ethanol 95%, and dried in vacuum at 65˚C.
Membrane preparation
The transparent triacetylcelluose membranes were produced from waste photographic film tapes that had been previously treated for a few seconds with commercial sodium hypochlorite in order to remove the colored gelatinous layers. Then, the membranes were treated for 2 min with a clear solution of 10 mg ml -1 of [Co(BAE)(PBu3)] + (Ph)4B -complex in THF. They were washed with water for removing THF and loosely trapped dyes, and then were washed with acetone for removing the extra dye.
For improving the hydrophilicity, we placed the membranes between two filter papers moistened with diluted (1:4) hydrochloric acid solution for 120 min at ambient temperature. The membranes were washed with distilled water, and then were treated with borate buffer solution (pH 9) for 24 h. They were washed with distilled water afterward.
Apparatus and recommended procedure
A photodiode array Multi Spec 15001 Shimadzu with a 1-cm quartz cell was used for absorbance measurements. The constructed membrane was mounted into the spectrophotometer cell, already filled with a known volume of borate buffer (pH 9). Then, a sample containing ammonia was injected into the cell. The absorbance was measured over the wavelength range of 380 -580 nm at 1 nm intervals or at the fixed wavelength of 408 nm while the constructed membrane mounted into the spectrophotometer cell, already filled with a known volume of borate buffer (pH 9), was taken as the blank. Absorbance data were transformed into ASCII files. A Metrohm 632 pH meter with a Metrohm 6.0202.1200 glass electrode was used for monitoring the pH value. All measurements were performed at ambient temperature.
Results and Discussion
The constructed optical sensor works on the basis of a complex formation system. In this device, optode membranes contain cationic complexes. Sodium tetraphenylborate (STPB) was used as counter ion because it increases the lipophilicity of the membranes, when exposed to an aqueous sample containing ammonia. The latter diffuses into the membrane, then connects to the cobalt complex according to the reaction shown below:
Absorption spectra of the optode, taken for different ammonia concentrations (3.3 × 10 -4 -6.6 × 10 -3 M) at pH 9, are shown in Fig. 1 . The membrane was taken as reference; it has an intense absorption at 350 nm (Fig. 2) . The results show that the absorption spectra have a maximum at 408 nm. 
Characteristics of the sensor membrane
Response time (defined as the time required reaching the 90% of the peak signal) was found to be 4 -6 min when the absorbance of 3 × 10 -3 M ammonia was monitored as a function of time (data are not shown). Response time is affected by different factors including: ammonia concentration, diffusability of ammonia in the membrane and the dye loading technique. At very low concentrations of dye, the response time was observed to decrease.
The effect of pH on the membrane response (background absorbance) was studied over the pH range of 4 -12 in the absence of ammonia (Fig. 3 ) in order to obtain the optimum pH for monitoring the amount of NH3 in an unknown sample. Figure 3 shows that the background absorbance is low at acidic solutions. Since ammonia is protonated at acidic pH, it was decided to work at basic solutions to increase the sensitivity. But, at pH values above 9, it was observed that the membrane absorbance came close to interfering with the NH3 absorbance, which resulted in a narrow linear dynamic range. It seemed that pH 9 could be an appropriate pH value for this study, so it was selected as the optimum pH value for the rest of the work.
The repeatability of the membrane response at 408 nm for alterative changes of pH from 2 to 9 and vice versa, when analytical concentration of ammonia was 3 × 10 -3 mol l -1 , is shown in Fig. 4 . This observation showed that the optode worked in a reversible manner.
Repeated measurements showed that the changes in the absorbance, after keeping the membrane in aqueous solutions for 30 days, were less than 3%. This stability of the membrane with the immobilized dye, based on the recycled support made from waste films, could be due to the higher mechanical strength of the carrier.
The absorbance of the optode as a function of ammonia concentration (Fig. 5) showed that the dynamic range was linear in the concentration range of 6.6 × 10 -4 -6.9 × 10 -3 M of ammonia. The magnitude of the correlation coefficient was found to be 0.9981 for the fitting curve.
Interference study
The interference effects of several selected anions and cations on determination of ammonia were studied and no interference was observed (Table 1 ). The tolerance limit for an ion was considered as the amount of that ion which produced a signal as high as the background signal. Large amounts of phosphate were found to reduce the absorbance considerably. Among the different amines tested, the large-shaped amines did not interfere.
Real sample analysis
In order to assess the applicability of the sensor to the analysis of ammonia in real samples, recovery of spiked ammonia from Fig. 3 The effect of pH on membrane (blank) response in the absence of ammonia. tap water (Shiraz, Fars Province, Iran) was studied. The results along with the quality of the tap water are shown in Table 2 .
Conclusions
The results of this study indicated that ammonia concentration at levels as low as 5 × 10 -6 mol l -1 can be measured. The advantages of the optode membrane are its safety, reproducibility and low cost. This membrane was successfully applicable for determination of ammonia in drinking water.
